Abstract: Protozoan parasites in the order Kinetoplastida cause severe disease primarily in tropical and subtropical areas. Vaccines to control these diseases have shown some promise, but none are in active clinical use. Drug treatments are available for all of the acute infections, but the emergence of resistance and an unresponsive chronic phase are current problems. Rapid advances in genomic technology open the possibility of discovering new genes that can contribute to vaccine initiatives or serve as targets for development of new drugs. The DNA microarray is a genomic technology, which is being applied to new gene discovery in kinetoplastid parasites. Both cDNA and genomic microarrays for Leishmania major have identified a number of new genes that are expressed in a stagespecific fashion and preliminary results from a L. donovani genomic microarray also demonstrated new gene discovery. A microarray of Trypanosoma brucei genomic fragments identified new genes whose expression differs between the insect borne stage and the human infectious stage of the parasite. The next few years, building on this foundational work, should witness the most exciting stage as microarrays are applied to questions such as the basis of drug resistance, post kala azar dermal leishmaniasis, the regulation of differentiation to infectious stages, linking coordinately regulated pathways of genes and development of genetically defined parasites that may have potential as live attenuated vaccines.
INTRODUCTION
Kinetoplastid parasites of the genus Leishmania (L.) infect about 12 million people worldwide, with 600,000 new clinical cases reported annually and many more unreported [1] . The two major clinical forms of leishmaniasis, cutaneous and visceral, are the result of infection by different species of the parasite. Visceral leishmaniasis, fatal if not treated, is caused by L. donovani, L. infantum, and L. chagasi. More than 90% of the visceral cases in the world are reported from Bangladesh, Brazil, India and Sudan [1] . Cutaneous leishmaniasis, though not lifethreatening, is painful and disfiguring. L. major and L. tropica in the Old World and L. mexicana and L. braziliensis in the New World are the primary species responsible [2] . The remaining human pathogens in the Kinetoplastidae are in the genus Trypanosoma.
*Address correspondence to this author at the Division of Emerging and Transfusion Transmitted Diseases, Office of Blood Research and Review, CBER, FDA, Bethesda, MD, USA; E-mail: Duncan@CBER.FDA.GOV Trypanosoma cruzi (T. cruzi) causes a life-long infection with possible complications of myocarditis and digestive system pathology in Central and South America. The long duration of the chronic, asymptomatic phase of T. cruzi poses a particular problem for transfusion transmission. Trypanosoma brucei (T . brucei) causes sleeping sickness in humans, but its major economic impact is through its restriction of cattle raising in areas where these domestic animals become weakened or die from the infection [3] . There is a pressing need to translate technological advances in the understanding of the pathogenesis of leishmaniasis and trypanosomiasis into field applicable and affordable methods for diagnosis, treatment and prevention of these diseases [2] .
Vaccines to prevent leishmaniasis and trypanosomiasis have been goals for nearly a century based on the knowledge that a cured infection protects the individual from reinfection. A vaccine approach is also important for these kinetoplastids because drug treatment is harsh and sometimes ineffective. Current molecular techniques have led to the development of recombinant antigen vaccines, though they have not protected to the level of live attenuated parasites [4] [5] [6] [7] [8] . Attenuated parasites, though effective, have been unacceptable for human use due to the absence of a clear genetic profile and danger of reversion to the pathogenic phenotype [9] . The current techniques for discovery of new genes that determine parasite survival and the possibility of manipulation of such genes in the kinetoplastid genome revive the potential of live attenuated parasite vaccines that are characterized well enough to reduce the danger of unknown alterations and reversion [10, 11] .
Chemotherapy with anti-parasitic drugs varies in effectiveness. Drugs are the major weapons against leishmaniasis and there is some hope that drug treatment of infected individuals could lead to eradication for Leishmania donovani, which has no reservoir host. Unfortunately, the increasing prevalence of parasites resistant to the first line drug, pentavalent antimonials and the cost and toxicity of the second choice, amphotericin B, are discouraging [12] . The oral drug miltefosine, newly approved for use in India, raises hope of more effective treatment [13] . The drugs available for treatment of T. cruzi infection are only 50% effective in the acute phase and much less in the chronic phase [14] . Similarly, treatment for T. brucei infection requires toxic drugs that are less effective in the late stage of the disease [15] . In all cases, the evolution of resistance on the part of a parasite determined to survive is predictable and new drug discovery must stay a step ahead of increasing ineffectiveness of those in current use. Consequently, discovery of new genes essential for parasite survival that can be targeted by new drugs for treatment of these diseases is imperative.
All of the kinetoplastids that cause human disease are transmitted by an insect taking a blood meal. Each has adapted to a specific insect host, but there are similar themes in that the parasites undergo morphological and biochemical changes that facilitate survival in these diverse and often hostile environments.
In the Leishmania life cycle, promastigote forms that develop in the alimentary canal of the sand fly vector differentiate into an infectious, non-dividing form called metacyclic promastigotes [16] . These metacyclics are phagocytized by macrophages after injection into the mammalian host. The parasites must differentiate into the non-motile amastigote form to persist in a phagolysosome in the macrophage [17] . These differentiation events are associated with dramatic morphological and biochemical changes [18] [19] [20] [21] . These changes have been correlated with changes in gene expression in several species [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
In T. cruzi, the insect stage (epimastigote) also differentiates into an infectious metacylic form. However, in the mammal, differentiation into intracellular amastigote as well as extracellular trypomastigote forms occurs as stages in the life cycle [32] . These differentiation events have also been correlated with changes in gene expression [32] [33] [34] [35] [36] .
Similarly, T. brucei differentiates into multiple forms in both the tsetse fly vector and the mammalian host, though it remains extracellular throughout its life cycle [3, 37] . One of the most distinct manifestations of stage differentiation in Trypanosomes is the change in expression of the surface protein, PARP (procyclic acid repeat protein), on the insect form and VSG (variant surface glycoprotein) on the mammalian form. The genetic mechanisms, uncommon even for Trypanosome protein-coding genes, for rapidly changing the VSG molecule on the surface as a means of immune avoidance (antigenic variation) particularly has caught the attention of biologists [38] [39] [40] .
Though there has been a concerted search for differentially expressed genes for all the kinetoplastids, the tools available and the approaches taken have resulted in description of a modest number of them. Clearly, the products of genes that are specifically required to maintain the intracellular amastigotes or T. brucei bloodstream forms have great potential as targets to block the infection process. To find such genes, unravel biochemical pathways or discover genes that may be expressed transiently at a critical point of differentiation, new techniques must be applied.
MICROARRAY TECHNOLOGY
One of the new techniques available to parasitologists is the DNA microarray, a high-density microscopic arrangement of immobilized nucleic acid on a glass slide. Hybridization with fluorescent cDNA synthesized from RNA samples of interest permits the evaluation of gene expression on a genomic scale [41, 42] . This approach has been successfully applied to a wide range of biomedical and biological questions including the study of human cancer [43] , the metamorphosis of fruit flies [44] , and dissection of the yeast cell cycle [45] . As a tool to discover new genes in protozoan parasites, the microarray has already proven effective for Plasmodium [46, 47] and Toxoplasma [48, 49] . Though new, the methods are being standardized as the diversity of publications indicates.
The first step in construction of a microarray is to assemble a collection of DNA samples to be printed on the array to screen for expressed genes ( Figure  1 ). Once enough of the genome has been sequenced and annotated, gene specific DNAs can be generated as synthetic oligonucleotides or PCR products. These approaches have the advantage of wide coverage of expressed genes, though the cost is high. However, for the kinetoplastids, sequencing and annotation are not complete, requiring collection of cloned DNA from libraries. The two types of library approaches, cDNA or genomic, have the advantage of lower cost while coverage of expressed genes is dependent on the number of unique DNAs printed on the array. The cDNA library has the appeal of being entirely composed of expressed genes, however, the clones will be restricted to the genes that were expressed in the life cycle stage during which the RNA was prepared for library construction. Further, the clones in a cDNA library will be biased toward highly abundant mRNA species and coverage will be dependent on the resultant redundancy as well as number of clones. Kinetoplastid genomic organization makes the genomic library practical due to the high gene density and lack of introns in protein coding genes [50, 51] . Furthermore, a genomic DNA library has the advantage of providing an unbiased representation of parasite genes. The genomic inserts in the library must be size selected to ensure hybridization to a single transcript, yet long enough for reasonable coverage. The average size of transcripts and intergenic regions suggests 1-1.5kb to be a suitable compromise [52] . The extent of expressed gene coverage for a given number of genomic clones on an array has been estimated from ORF searches of a set of genomic clones [53] or theoretical calculations [52] to be between 63% and 66% for 10,000 1kb clones. With either library type, PCR reactions using each clone plasmid as template and common flanking primers amplify the parasite DNA insert. These DNA samples are transferred by a very precise robotic device onto specially coated glass slides in a microscopic array.
To fully understand the outcome of microarray hybridization results as a measure of changes in gene expression in kinetoplastids, further discussion of the molecular biology of their gene expression will be helpful. Recognizing that the relative intensities of the fluorescent signals in microarray images attempt to measure mRNA abundance, it is important to briefly outline current theories regarding kinetoplastid RNA transcription and processing. In kinetoplastids, most protein coding genes are transcribed as large polycistronic molecules, initiated without defined promoters, and subsequently processed into mature mRNA [50, 54, 55] . The abundance of an mRNA species is controlled largely by its stability, which has been shown to be regulated by sequences in the 3' untranslated region [56] [57] [58] [59] . Consequently, changes in abundance are often not as pronounced as in organisms with gene regulation at the level of transcription initiation such as bacteria and higher eukaryotes. Changes in mRNA abundance revealed by the microarray, though moderate, are likely to point toward changes that when further amplified by differences in translation and post-translational modification, will result in the ultimate phenotypic changes that determine the traits of interest.
LEISHMANIA MICROARRAY STUDIES

Leishmania major
Gene expression in this species that causes cutaneous leishmaniasis has been evaluated both by random genomic microarrays [53, 60] and cDNA microarrays [61] . Noting the lack of well characterized cDNAs or sufficient sequence information to design oligonucleotides, Beverley and colleagues produced a randomly sheared genomic library from the L. major Friedlin strain [52] . A collection of 10, 464 clones was arrayed in 96 well plates, end sequenced and the sequences made available in the Genbank (NCBI) genome survey sequence (GSS) database (www.ncbi.nlm.nih.gov). The inserts from these clones, along with approximately 200 known genes and other controls, were printed on glass slides. To demonstrate the effectiveness of the microarray and identify genes whose expression changes at the level of mRNA abundance, comparison was made between procyclic promastigotes and metacylic promastigotes [53] . Taking advantage of the knowledge that L. major promastigotes in culture differentiate from the procyclic stage at low culture density to the infectious, metacyclic stage over a period of days at saturation densities [62] , RNA samples were collected from log phase promastigotes and metacyclic promastigotes. Performing hybridizations in triplicate and scoring spots as regulated whose expression differed by at least a factor of two in all three experiments, genes known to be up regulated in procyclics such as β-tubulin, histones and ribosomal proteins were identified. In metacyclics, H A S P / g e n e B , SHERP/geneD, META1 and HSP70 were among those found up regulated. Many more differentially regulated clones were identified which did not have homology to proteins of known function. Results from over 80 clones compared between microarrays and Northern blots to date have shown quantitatively similar regulation for more than 70% of them ( [53] , Akopyants and Beverley, unpublished results).
The question was posed concerning why only a few percent of the clones on the array showed changes in expression more than two-fold, in contrast to growth phase or developmental transitions in yeast that result in changes in expression in 18-27% of all genes [45, 63] . These authors suggested that Leishmania relies more heavily upon regulatory mechanisms at the protein level than upon changes in mRNA abundance to control gene regulation [53] .
Another laboratory obtained the 10, 464 L. major genomic clones described above and prepared a microarray adding their chosen set of known regulated and negative control genes [60] . As in the previous study [57] , they evaluated changes in gene expression as procyclic promastigotes differentiated into metacyclic promastigotes. Differential expression was evaluated by hybridizing the microarray with cDNA from procyclics labeled with one fluorophore and cDNA from 5, 7, 9 or 11-day cultures labeled with the contrasting fluorophores [58] . These authors elected to use the amount of variation in repeated hybridizations as the main criterion for significance of differential expression. By this criterion and focusing primarily on the day-9 metacyclics, 472 clones (5.1%) showed a statistically significant upward change by a factor of 1.2 or more, though only 101/472 (1.1% of all clones) were up regulated by more than 2-fold. One hundred forty one DNA elements (1.5%) were decreased by a factor of 1.2 or more with statistical significance and 42 of these by 2-fold or more. The microarray results showed very good correlation with Northern blots probed with 13 selected clones and several specific genes were noted (MKK2 [64] , gene B [65] , and A2 gene [27] ) that have been previously reported to be up-regulated in metacyclics or amastigotes. However, META1 [66] , SHERP/geneD [67] and HSP70 [68] , known to be up regulated in metacylics, were not among those significantly regulated [58] . As in the previous L. major microarray study, these authors made note of the lower proportion of differentially expressed genes and the small sizes of the changes in expression during this developmental transition compared to other organisms [60] .
Further, the study by Saxena et al. [58] made a contribution to gene discovery by analysis of the available sequence of the L. major clones they identified as differentially expressed. Identifying open reading frames and searching for homologies to known protein motifs, the authors attempted to assign the putative function to 63 genes whose RNA increased in abundance 1.2 to 4.4-fold in metacyclics and 25 genes whose RNA decreased in abundance by similar amounts. Further characterization of the putative function of these genes will be necessary before the pattern of change in mRNA abundance revealed by the microarray results can be assigned a role in the process of differentiation to the infectious stage of this parasite.
Taking the cDNA approach to study L. major, Jenefer Blackwell's laboratory constructed a microarray composed of 2091 clones from mixed life cycle stage libraries [61] . They compared the gene expression in cultured L. donovani promastigotes to L. major LV39 promastigotes at day 3, 5, 7 and 10 of culture and lesion-derived L. major amastigotes. Sequence analysis revealed that the clones on the array comprised partially overlapping fragments of 1092 unique genes, 70% of which had no identity with entries in the public databases. Of the genes matching sequences in databases, 23% could be assigned putative function based on their homologies. Hybridization results allowed clustering the clones into 10 patterns of expression across the 5 samples. This analysis identified 147/1092 (13.5%) unique genes that were up regulated in amastigotes by a factor of 2 or more. The results were internally consistent because different cDNA clones on the array that represented the same gene, largely grouped in clusters of expression patterns. Blackwell's group advanced the study to the next stage, taking the 147 genes selected for amastigote expression, splicing them into DNA vaccine constructs for testing in mice. DNA vaccination and live parasite challenge identified candidate genes that protected mice, encouraging the authors to pursue a high throughput strategy to screen all the potential amastigote expressed genes [61] . The proportion of differentially regulated genes reported in this study may be higher than seen with the genomic microarrays due to the tendency for cDNA libraries to be primarily composed of highly expressed genes.
L. donovani Genomic Microarray
To investigate gene expression in L. donovani, the principle species causing visceral leishmanisis, we are developing a microarray from a genomic library prepared as described by Akopyants et al. [52] . To insure representation of the critical virulence genes in the library, the source DNA was prepared from L. donovani parasites isolated from a patient with active disease. To avoid culture derived genetic aberrations, the isolated parasites were expanded the minimal number of passages in culture to provide enough source material. Before selecting the parasite isolate for the library, several were collected and tested by isoenzyme typing using a panel of 5 soluble enzymes [69] , immunofluorescence assays with species-specific monoclonal antibodies [70] and by a species-specific PCR assay [71] . The K59 strain was chosen that represented the most common Indian kala azar isotype (Sreenivas et al. * ).
In a preliminary study, 2268 library clones, 24 positive control genes and 12 negative controls, a total of 2304 samples, were printed in two duplicate arrays on each glass slide. To validate the effectiveness of the L. donovani genomic microarray, we compared the gene expression in the promastigote stage to expression in axenic amastigotes of three cultured strains of L. donovani, 1S2D [72] , DD8 [73] and K59. This experimental setup allowed evaluation of microarray results for genes known to have stage specific expression and cross comparison between strains to increase the probability of finding physiologically important expression patterns, not artifacts of a particular cultured strain. The three strains chosen also allow * Sreenivas, G., Singh, R., Selvapandiyan, A., Negi, N. S., Nakhasi, H. L., us to compare the impact of geographic origin (1S2D is derived from a Sudanese isolate while DD8 and K59 are from Indian isolates) and time in culture (1S2D and DD8 are long term cultured strains whereas K59 has been kept in culture less than 10 passages).
Fluorescent cDNA was synthesized from total promastigote RNA. cDNAs were labeled with a contrasting fluorophore synthesized from total amastigote RNA. The two were mixed and hybridized to a slide containing two duplicate arrays. Two color fluorescent scanning and quantitation allowed calculation of an amastigote to promastigote (A/P) ratio of expression for each spot on the arrays. Hybridizations were repeated, exchanging the fluorophore used to label each RNA sample to account for dye bias, and mean ratios were calculated from the 4 resulting measures.
To adjust for unequal fluorescence intensities of the two RNA samples and allow comparison from experiment to experiment, various methods of normalization have been devised [74] . All of the microarray results reviewed herein were normalized by one of these methods. As one example of this process, a "total intensity normalization" [75] for the L. donovani microarray results can be used as illustration. To produce a continuous distribution of up and down regulated spots, the ratios were transformed to the log 2 . Further normalization to account for the systematic dependence of ratio on intensity was performed by locally weighted linear regression (lowess) [76] . The distribution of all the ratios is presented on a plot of log 2 (ratio of intensities) by log 10 (product of intensities) in (Figure  2 ). The gray spots indicate the ratios before normalization for one representative experiment and the black spots are the values after lowess correction by the MIDAS software [75] . Note that after adjustment, most of the spots are tightly grouped along the log 2 (ratio) = 0 line (no change in expression) and a small number are above the +1 or below the -1 lines (2 fold increase or decrease) indicating the limited amount of differential expression that seems to be typical for this analysis of kinetoplastid parasites. The vertical black line shows the highest log product of the negative controls such as salmon sperm DNA, E. coli DNA and pZErO, the backbone plasmid of the genomic library. Clones with intensity values below this level were not included in the analysis because the signal could not be guaranteed to be specific. Using this rather strict criterion for inclusion, up to 30% of the clones corresponded to expressed genes with an average of 10% of these clones differentially expressed by 1.5 fold or more.
The performance of the L. donovani microarray was demonstrated in three categories of features on the array: known gene controls, K59 library clones with homology to known genes and library clones with no homologues in sequence databases. The performance was assessed by comparison of Figure 2 . Example of data normalization. This scatter plot of log ratios against log products of fluorescence intensities is from a typical L. donovani genomic microarray image. Axenic amastigote total RNA was used to synthesize Cy3 labeled cDNA and mixed with promastigote cDNA labeled with Cy5. The mixture hybridized to the microarray. The Cy5 and Cy3 fluorescence intensities were measured with a laser scanner and the log base 2 of the intensity ratios plotted against the log base 10 of the product of intensities for each spot. The grey spots represent the values without normalization. The black spots show the values after lowess normalization (see text for explanation). The vertical dashed line indicates the maximum log product intensity of a negative control, only spots to the right of this line were considered in the analysis of expressed genes. microarray results to Northern blot hybridizations using the probes printed on the microarray and to published Northern blot results. Two examples of known gene controls, LSIP, a genomic clone of Leishmania stress inducible protein [25] , and LdS-6-1, an arbitrarily primed PCR cloned fragment isolated in our laboratory [77] illustrate the correspondence between microarray results and the traditional means of measuring mRNA abundance. The mean axenic amastigote/promastigote (A/P) ratios from microarray experiments for these two genes in three strains of L. donovani are shown in Table 1 . Northern blot results (Figure 3) are consistent with the patterns described in the literature for these genes and the A/P ratios calculated from the Northern blots are very similar to the mean ratios for the 1S2D and DD8 strains measured on the microarray, though the ratios for the K59 strain deviate somewhat.
Microarray results from a library clone with DNA sequence sufficiently identical to a known Leishmania gene was also compared to Northern blots as done above for the known gene controls. As above, the size of the bands and expression ratios on the Northern blots were in agreement with published results for GP63 (clone 1B2) [59] . The A/P ratio for clone 1B2 (GP63) consistently showed somewhat higher expression in amastigotes in microarray results for all 3 strains (Table 1 ) and the Northern blot (Figure 3) .
Most of the clones identified as differentially expressed in more than one strain had sequences that showed no homology with previously described genes. One example, K59 clone 38C5, was highly homologous to sequences in an EMBL database file (see Table 1 ) of unassembled, unannotated shotgun sequence coming from the L. major genomesequencing project (www.ebi.ac.uk/blast2/parasites). The database matching confirmed that the clone is a L e i s h m a n i a genomic fragment, but gave no indication whether it represents expressed or intergenic sequence. The PCR product for clone 38C5 was radioactively labeled and used as a probe on Northern blots of L. donovani strain 1S2D total RNA promastigote and axenic amastigote samples ( Figure 3) . There is no previous work to judge the size of the mRNA to expect, but the clear single band is consistent with the mature message of a protein-coding gene. Clone 38C5 was preferentially expressed in the promastigote stage of the long term cultured strains (1S2D and DD8) by microarray ( Table  1 ) and Northern blot quantitation (Figure 3 ) . Microarray results showing preferential expression in amastigotes in the K59 strain, only recently placed in culture, may reveal interesting biology and will be investigated further with RNA samples isolated from that strain. These preliminary results showed that the L . donovani genomic microarrays are consistent with Northern blots of known genes, homologues of genes described in other species and previously unidentified genes. However, the total number of clones differentially expressed and the magnitude of change in RNA abundance reflected on this L . donovani genomic microarray were smaller than in developmental transitions in other organisms, as noted for L. major above [57, 58] . Further analysis of this observation will be discussed below in light of additional kinetoplastid microarray results.
TRYPANOSOME MICROARRAY STUDIES
T. brucei cDNA Microarray
A pilot array of 207 cDNA clones and 193 random genomic fragments was constructed as a feasibility study for application of results from the T. brucei genome sequencing project [3] . Screening the array for expression in the procyclic, insect stage, versus the bloodstream, human infectious stage, of T . brucei identified 54 clones (13.5%) that showed a 2-fold or more change in level. However, the authors concluded that the molecular biology of T. brucei like Leishmania, would permit a more cost effective, unbiased coverage of the genome with an array of randomly sheared genomic fragments.
T. brucei Genomic Microarray
To construct a genomic array, 21, 024 clones from a T. brucei shotgun library of inserts size fractionated to 2-2.5kb in length were printed on glass slides [78] . Each slide encompasses a statistical representation of 86% of the genome. Known cDNAs as positive clones, rRNA fragments and 384 human cDNA clones as negative controls, were spotted as well. To validate the ability of this array to detect differentially expressed genes, RNA was prepared from cultured procyclic stage and blood stage trypanosomes. Six independent hybridizations alternating labels for the two sample types between Cy3 and Cy5 dye to eliminate bias identified 75% of the clones as expressed sequence. Normalization and statistical analysis of the results characterized approximately 300 clones (~1.4%) as differentially expressed by a factor of 1.6 or more. End sequencing of 70 differentially expressed clones revealed that half of them were related to sequences in the VSG expression sites and 14 clones contained no identifiable open reading frames. Among the remaining clones up regulated in the bloodstream form, previously characterized genes such as invariant surface glycoprotein [79] and alternative oxidase [80] were found as well as interesting newcomers such as NADH dehydrogenase and an ATPase. Clones preferentially expressed in the insect form included a number of known regulated genes as well as a homologue of the Leishmania gene, META1, shown to be up regulated in metacyclic promastigotes in the microarray studies described above [53, 60] . To verify the microarray results, 15 of the sequenced clones were used as probes on Northern blots or to design semi-quantitative RT-PCR. These independent techniques revealed differential expression similar to the microarray results [78] . These authors commented that the higher proportion of differentially expressed clones reported in the previous T. brucei study [3] may be due to the bias inherent in a cDNA microarray as described for L. major [61] above.
Trypanosoma cruzi Expression Analysis
Microarray analysis for T. cruzi has been reported in a meeting abstract a . Cluster analysis of expressed sequences (ESTs) for T. cruzi that are recorded in the EMBL database allowed generation of 4, 000 EST-specific PCR products that were printed on microarrays. Hybridization experiments led to identification of a series of genes whose regulation is associated with differentiation of epimastigotes into metacyclic trypomastigotes. Previous work from the same lab by another technique similarly aimed at large scale screening for stage specific genes led to the identification of 161 stage-specific clones, but only 6 were sequenced and 2 were verified by Northern blot analysis. Of particular interest is a clone that is expressed transiently during metacyclogenesis, but not in either the epimastigote or the terminal metacylic stage, suggesting it may help regulate the differentiation process. Further characterization of this clone led to the description of the metacyclogenin gene [35] .
SUMMARY
Current advances in molecular biology techniques and the genome sequencing projects hold great promise for new discoveries that can contribute to diagnosis, treatment and prevention of parasitic diseases. A deeper understanding of basic biology and the discovery of new genes that can contribute toward development of vaccines and new drug targets for members of the kinetoplastid family of parasites is a fundamental goal of current work. One Realistically, the development of microarray analysis of kinetoplastids has not reached the goal that "gene expression can be examined on a genomic scale providing unique insight into temporal patterns of global gene expression and allowing the generation of a comprehensive molecular profile of mRNA expression during the well-defined stages of the parasite's life-cycle" [3] . Clearly the potential to describe new differentially expressed genes has been demonstrated in all cases. However, some questions remain. The percentage of differentially expressed elements on the arrays, especially random genomic clones, is much lower and the magnitude of change in expression levels is smaller than other eukaryotes. As many have suggested, this may be attributable to the polycistronic transcription and post-transcriptional regulation seen in kinetoplastids. In this case, other protein-based methods may be required to unravel the gene expression that underlies the key phenotypes that determine pathogenesis. Unfortunately, such techniques are likely to substantially lengthen the process from screening to identification and isolation of new genes. However, greater differences in mRNA abundance may also be revealed in the pool of actively translated messages. Such mRNA can be enriched by centrifugal isolation of polyribosome associated RNA. This approach is supported by the observation that T. cruzi mRNA for metacyclogenin is present exclusively in differentiating cells when the poly-ribosome fraction is isolated, but equally represented in proliferating and differentiating cells when total RNA is compared [35] . Microarray results for T. cruzi also suggest that polysomal mobilization of mRNA has an important role in gene expression regulation. Polyribosome associated RNA analysis could also assist in solving the second fundamental question, "how closely does mRNA abundance predict the abundance of the protein it encodes". This question will also be addressed by comparing developmental changes in the transcriptome and the proteome using material harvested from the same cultures of parasites [61] .
The next few years should witness the most exciting stage as microarrays are applied to questions of gene expression that have been difficult to address previously. Complex phenotypes are likely to be the summation of the effect of multiple genes. Screening techniques that have looked for such genes in the past have either measured small groups of genes a few at a time or Table 2) .
Drug resistant strains of L. donovani have been collected and their drug resistance maintained in the laboratory [81] . Microarray analysis could compare these strains to susceptible strains and pinpoint which genes are activated or suppressed to achieve the drug-resistant phenotype. Similar studies of L. m a j o r using genomic [82] or proteomic [83] approaches could be extended with microarray analysis. The genetic basis of drug resistance described for other parasites [84] could also emerge from microarray studies.
Post kala azar dermal leishmaniasis (PKDL) may result from a complex interaction between the immune system of the infected person and genetic changes in the parasite. Microarray comparison of gene expression in PKDL strains [71] and kala azar strains may reveal changes in the parasites. Such newly discovered genes could open the way for better treatment of PKDL.
The genes responsible for maintenance of the stage in the life cycle of these parasites that survives inside the human host have long been sought as ideal targets for therapeutic drugs. The in vitro differentiation system in use for L. donovani [25, 31] permits collection of sufficient RNA samples from multiple time points of a population synchronously differentiating into the amastigote, the form found intracellularly in the mammalian host. Comparing such differentiation time points to log phase promastigotes on the microarray could identify immediate early genes expressed uniquely at the time of differentiation not previously observed in comparisons of fully differentiated promastigotes and amastigotes.
Clustering of cDNAs with a common pattern of expression revealed potential pathway-specific genes [61] . One such cluster contained some genes that play a role in the antioxidant pathway. The functions of 66 other unknown genes in the cluster could be revealed by microarray experiments comparing untreated to oxidant stressed cells.
Recognizing that the abundance of kinetoplastid mRNAs is determined largely by sequences in the 3'-untranslated regions, clusters of coordinately regulated genes identified in microarray analysis could be compared for homologies in this region. Identification of conserved sequence or secondary structural elements could further unlock the mystery of gene regulation in this primitive order of eukaryotes.
Attenuated parasite vaccines, shown to be more effective than simple component vaccines [4] , are unacceptable because they have not been genetically defined or present too much risk of reversion to a virulent state [9] . Alteration of specific targeted genes has the potential to overcome the problem of undefined attenuation [11, 85, 86] . However, these single changes may be the most susceptible to reversion or may not be satisfactory for cross species protection [87] . Microarray comparison of genetically altered and wild type parasites could identify compensatory changes in gene expression that could be targeted for further manipulation. Such additional alterations could result in parasites less likely to revert to the virulent form or better able to establish an asymptomatic infection that elicits a sufficient immune response.
In conclusion, the development of microarrays of genomic or cDNA clones of Leishmania a n d Trypanosoma are part of the new wave of molecular genetic technologies that hold great promise for progress in alleviating the suffering that results from infections with these protozoan parasites. 
